are detailed in figure legends.
RNA. This result suggests that the genome of wild-type and of recombinant RNA tumor viruses is polyploid.
The sum of these observations led us to propose that recombination among avian tumor viruses occurred by crossing-over between homologous pieces of nucleic acid.
Nondefective avian sarcoma viruses can undergo high frequency genetic recombination with avian leukosis viruses (1) (2) (3) . Since the 60-70S RNA of avian tumor viruses consists of several pieces (4) , it alppeared likely that this recombination represented reassortment of markers situated on different genome subunits. However, preliminary analyses of the RNAs of sarcoma virus recombinants, carrying a host range marker from a leukosis virus, led us to propose that recombination between avian tumor viruses involved crossing-over: (i) It was found that such cloned recombinant sarcoma viruses contained only 30 -40S RNA species of size class a (5) (6) (7) (8) . Class a RNA is typical of nondefective avian sarcoma viruses and is larger than class b RNA found in all leukosig or transformation-defective viruses (6, (9) (10) (11) . (ii) Class a RNAs of some but not all recombinants selected for the same two markers were found to differ slightly in electrophoretic mobility from parental class a RNA (7, 8, 12) , suggesting that the primary structure of the viral RNA was affected during recombination. ( iii) The number of different fingerprint latterns observed in comparing different recombinants, which were selected for the same host range and transforming markers, could be accounted for more readily by crossing-over than by reassortment of 30-40S RNA subunits (7, 8, 12 recombinants between PR-A and RAV-2 also contained only 30-40S RNA of size class a (Fig. 2) . The RNA standard used in the analyses of Fig. 2 was the same preparation of PR-B as in Fig. 1 . It is shown in Fig. 2F that class a RNA of PR-B has a slightly higher electrophoretic mobility than that of PR-A, the parental sarcoma virus of the crosses analyzed in Fig. 2 .
We conclude that possibly all recombinants carrying the focus-forming marker of a sarcoma virus and the host range marker of a leukosis virus contain only 30-40S RNA of size class a.
It may be argued that part of the recombinant RNA that migrated faster than class a (Figs. 1 auid 2) might include class b RNA, perhaps acquired by reassortment from the leukosis virus parent. This possibility has been virtually excluded because the fingerprint pattern of undegraded class a RNA was found to be indistinguishable fromn that of smaller RNA from the same recombinant, PR-A X RAV-2 no. 2 (7, 8, 12 (Fig. IA and B3 ) (7, 8, 12) . The RNAs of other PR-B3 X RAV-3 recombinant clones fell into three electrophoretic classes. (i) PR-B X RAV-3 no. 2 had a lower mobility than class a RNA of PR-B (Fig. IC). (ii) PR-B3 X RAV-3 no. 3 had a higher mobility than parental RNA (Fig. ID) . This recombinant was produced by transformed cells in 10-to 20-fold lower titers than other sarcoma viruses, perhaps indicating a defective replicating function. (iii) PR-B X RAV-3 no. 4 and no. 5 had virtually the same mobility as parental PR-13 RNA (Fig. IE and F) .
The RNAs of five recombinants between PR-A and RAV-2 had a similar size distribution. Three of them, RNAs of PR-A X RAV-2 no. 1, no. 3, and no; 4 ( Fig. 2A , C, and D), had the same electrophoretic mobility as a PR-B RNA standard, while those of inos. 2 and 5 ( Fig. 2B and E) had a slightly lower electrophoretic mobility. None of the PR-A X RAV-2 RNAs tested had a higher electrophoretic mobility than that of PR-B. These experiments indicate that the primary structure of at least, some recombinant RNAs differs from that of the parental RNA.
The apparent molecular weight by which certain recombinant RNAs differ from parental, wild-type RNA (+ one fraction) is estimated to be around 70,000 on the basis that class a and class b RNAs differ by about five fractions or about 350,000 daltons under the same conditions (see Fig. 1 ) (6, 9, 11). The size differences observed among the RNAs of distinct recombinants were stable after several successive clonings. This observation suggests that the size variations are not likely to be host modifications similar to those observed earlier in two specific cases, which were ilot stable on passage of the virus in different cells (6) .
RNAs Co.) containing 3 mM ED)TA (pH 7-7.5), was used. Further, to ensure complete transfer of all RNase Tl-digested RNA fragments from the cellulose acetate strip used for electrophoresis to the DEAE-cellulose thin-layer plate used for chromatography, the following modification was used to prepare fingerprints E, F, and G. The area of the DEAE-cellulose thin layer to be covered by the cellulose acetate strip was sprayed with water until it was shiny. Subsequently, the strip was stretched tightly over the wet region of the thin-layer plate and taped to its back. The strip was sprayed repeatedly with water until it was completely adsorbed to the thin-layer plate, and air bubbles trapped in between were removed by hand using a disposable rubber glove. Finally, the thin-layer plate, still carrying the cellulose acetate strip, was developed by homochromatography as described (16) . After transfer by this method, 90-100% of the label originally applied to the cellulose acetate strip could be recovered from the DEAE-cellulose layer after complete hydrolysis in 400 ml of 0.4 M KOH for 48 hr at room temperature. The arrows in A-E indicate spots not found in all of the five recombinants analyzed. The circled spots in C and E have no homologous counterpart in the patterns of either parental virus (F and G). A schematic tracing of the large oligonucleotides of PR-B (F) identifies spots that were analyzed as described in Table 1. unique oligonucleotides derived from it are determined, and the radioactivity of these oligonucleotides is compared with the total radioactivity of the intact RNA molecule (17) . The average complexity of PR-B RNA as determined from about 20 RNase Ti-resistant oligonucleotides, representing 3.9% of the RNA and resolved as described in Fig. 3F , amounted to 3.5 X 101 daltons (Table 1 ). This is slightly higher than the molecular weight estimates for viral 30-40S stubunits obtained by other methods (11 4 (D), and no. 5 (E), as well as of PR-A (F) and RAV-2 (G). Conditions were as described for Fig. 3 (E, F, and G). The arrows in A-E indicate spots not found in all five recombinants analyzed. A schematic tracing of the large oligonucleotides of PR-A X RAV-2 no. 5 (E) identifies spots that were analyzed as described in Table 2. combinant may contain both a and b subunits. (This was not observed in any of the recombinants analyzed above.) The complexity of the RNA of PR-A X RAV-2 no. 5 (Fig. 4) was found to be about 3.3 X 106 on the basis of 23 RNase T1-resistant oligonucleotides, which represented 4.7% of the 60-70S RNA ( Table 2) .
The fingerprint pattern of 60-70S RNA, which was used in these analyses, has been shown to be identical to that of 30-40S RNA (13) . Therefore, none of the large oligonucleotides studied were derived from small RNA molecules associated with the 60-70S complex. However, further work will be required to explain the fluctuations observed among complexity estimates based on different oligonucleotides. These are thought to be due to two complications. (i) The 60-70S
[32P]RNA prepared from virus harvested at 12-hr intervals is known to be inhomogeneous and partially degraded (18) (19) (20) .
Thus, some oligonucleotides may be present in greater than equimolar amounts, leading to a low complexity estimate; and others may be found in less than equimolar amounts, leading to an overly high complexity. These errors, however, should be small when many oligonucleotides are used to calculate an average complexity. (ii) In addition, analysis of some oligonucleotides is complicated because some radioactive RNA from neighboring spots may elute with a particular oligonueleotide and interfere with its subsequent analysis. Our complexity estimates are probably maximal since losses of 10-20% were encountered in carrying distinct oligonucleotides through this procedure (not shown), lperhaps due to partial degradation during homochromatography.
We may conclude that RNAs of both wild-type and recombinant tumor viruses have an approximate genomic complexity of 3.4 -X 101 daltons, corresponding to 10,500 nueleotides. Thus, the 60-70S viral RNA appears largely polyploid and, consequently, recombination is likely to involve crossing-over. lyophilized and redissolved in water. A 3-M1u aliquot was subjected to two-dimensional chromatography (as described for Fig. 3F ). Two identical patterns were prepared. One, consisting of 1.17 X 106 cpm, was used to determine the total radioactivity in a given spot and the total recovery of the 32p digest as follows: A desired spot was circled with pencil and moistened with 50% glycerol. It was then transferred to a scintillation vial and incubated for 4 hr at 600 in a toluene-based scintillation fluid containing 10% NCS (Nuclear Chicago) before determination of its radioactivity ih a scintillation counter. Subsequently the remaining [32P]_ digest on the thin layer was quantitated as described for Fig. 3 .
The other pattern, with 10 X 106 cpm, was used to analyze the RNase A-resistant fragments of large oligonucleotides. Elution of oligonucleotides followed published procedures (16) . Subsequent digestion was for 2 hr at 380 in 10 ul of 0.01 M Tris (pH 7.4), 1 mM EDTA, and 0.2 mg/ml of RNase A (Worthington).
Resistant fragments were analyzed by electrophoresis on DEAEcellulose paper (16) , and after autoradiographic location, fragments were cut out and quantitated in a scintillation counter. The composition of most fragments was determined from their position on the pherogram. Some large fragments were eluted from the DEAE-cellulose, and their base compositions were determined after complete digestion with RNases A, T1, and T2 (16 Fig. 3F . Table 1 ).
§ Complexity was calculated as described for Table 1 , using an average molecular weight per nucleotide of 323, derived from the base composition of RNA of PR-A X RAV-2 no. 5 (25.5% cytidine, 24 .3%/o adenosine, 28.2%o guanosine, 22.0% uridine) and the known molecular weights of the nucleotides. and could increase the chances of crossing-over (5, 32, 33 
